Abstract
INTRODUCTION
Microfluidics is an interdisciplinary field that interconnects physics, chemistry, engineering and biotechnology. Channels with dimensions of tens to several hundred micrometers are employed to manipulate the small amount of fluid. Fluid mixing is one of the seminal applications of chip scale micro devices. Generally, microfluidics mixers are classified as "active mixers" and "passive mixers" [1] , [2] . Active mixers demand external force fields, such as thermal [3] , acoustic [4] , magnetic [5] and electro kinetic [6] to strengthen mixing efficiency. Conversely, passive mixers employ no external energy input and judicial selection of device geometry play dominant role for getting effective mixing. These designs account for several advantages such as cost effectiveness, reduced complexity, ease of fabrication etc. Additionally, active mixing designs when used with improper selection of operating parameters could be harmful for biological samples. Hence passive mixers offer some flexibility in this regard.
Flow physics changes dramatically at micro-scale, and it is really crucial to understand the effects of dominating factors such as laminar flow, diffusion, surface tension, fluidic resistance and surface area to volume ratio [7] , [8] in order to work on microfluidic designs. The main aim of microfluidic mixing devices is to acquire complete and optimum mixing of two or more samples in micro-scale devices. However, achieving effective mixing of more than one fluid is very challenging task, owing to the limitation induced by reduced convection in micro-channels.
Molecular diffusion plays a dominant role in passive microfluidic mixers [9] unlike the case of convectiondominated flows and therefore viscous force has immense effect as low Reynolds number is considered [10] , [11] . Many researchers have proposed numerous designs that focused on effective passive mixing [12] - [19] . Lee et al. [12] has investigated the mixing efficiency by using the different type of geometric barriers which shows acceptable mixing. Wang et al. [14] presented a design for mixing of fluids streams in "Y" type micro channels by using cylindrical shaped obstacles for enhancing mixing performance. The significant effect of proper placement and position of obstacles were presented. Wong et.al [17] designed and fabricated micro-mixers as well as investigated their feasibility as a rapid mixing micromixer. Das et al. [18] presented a computational study of fluid mixing in three different type of micro-channels. They have shown that impact of geometry parameters and placement of obstacle by creating swirling flow in the channel for improving mixing performance. Liu et al. [19] reported a three-dimensional structure of serpentine design with Cshaped repeating unit to improve mixing.
In this present work, we have designed a 'T' shaped passive microfluidic mixer to investigate microfluidic mixing of fluids. We have examined that the mixing performance is refined with appropriate choice of placement of obstacles. A comparison of mixing performance has been made among three mixing designs (i) without barriers, (ii) with leaky barriers and (iii) without leaky barriers as shown in fig (1) . Consequently, complete mixing is achieved at the end of channel reservoir in case of barrier without leakage. All simulations presented in this work have been performed by COMSOL Multiphysics software. The results from the present study could be useful in the design of microfluidic mixers applied for drug screening and toxicological screening.
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MODELING
Microchannel Geometry
Two dimensional straight 'T' shaped micro-channel were designed as shown in fig [1 
Flow and Concentration Field Modeling
In particular, modeling is done by considering fluid as an incompressible Newtonian liquid in microchannel. Fluid flow and concentration fields can generally be described by the Navier-Stokes equation [20] and Convection Diffusion equation [17] respectively. Mathematical expression of Navier-Stokes and Continuity equations are as follows:
where V is the fluid velocity vector, ρ is the fluid density, p is the pressure, µ is the dynamic viscosity of the fluid, F represents body forces per unit volume. On the other hand, the Convection Diffusion equation is mathematically expressed as:
where c is the concentration constant and D is the diffusion constant of the species.
Three regimes of flow exit according to the elementary theory of fluid dynamics, which are represented by Reynolds number (Re), is a dimensionless parameter. It is expressed as:
where u is the fluid flow velocity and L c is the characteristic length of the flow. The flow is considered to be laminar flow when Reynolds number is less than 2300. It would be turbulent flow when Reynolds number is greater than 4000. Between the laminar and turbulent flow (2300-4000), the flow is considered in a transitional regime. In case of microfluidic flows, Reynolds number falls down to regime of < 1 in many cases. These kind of flows are normally referred to as creeping flows. The optimization is carried out by composing 14802, 10690 number of mesh elements in the designs with leaky barriers and without leaky barriers respectively.
RESULTS AND DISCUSSION
Primarily, the T shape channel without barriers has been simulated. Form the simulation result it is clarified that fluids are not getting mixed properly in the channel as shown in fig [2(a) ], as there is a strong concentration gradient that exists at channel exit. In order to overcome this, the channel is reformed and simulated by constructing the rectangular type obstacles. These obstacles are placed by using the concept of leakage and without leakage barriers as presented in fig [2 (b, c) ]. These modified designs are simulated at different velocity at constant diffusion coefficient (1×10 -10 m 2 /s) conditions. It is inferred that length of mixing increases with increase in inlet velocity and at the same time mixing time reduces, however it happens within a particular range of velocity and in addition, it varies with the geometry. The simulation results show that the mixing performance is improved by employing obstacles in the channel as reported in the [14, 15] . Channel designs without leaking barriers are shown to provide better mixing compared to designs with leaky barriers. However, if barriers are leaky in nature, this will drastically affect the mixing and consequently fluids will not get mixed properly as presented in fig [2(b) ]. By contrast, in case of the channel without leaky barrier, we have achieved complete mixing as shown in fig [2(c) ]. The comparison between both types of designs is demonstrated in table [1] in the form of simulation results. The table shows the clear demarcation in the performance of the two designs. Thus, the impact of barriers and appropriate placement of barriers both can bear significant role in mixing channel. Comparison between channel designs is represented by plotting the graph of concentration difference (ε=c max-c min ) versus positions along channel length (at different positions from inlet) as shown in fig [3] . These points have been taken at the mixing time of channel without leaky barrier i.e. 1.9s. This is done mainly to demarcate the difference between the two designs evaluated in the present study. It is evident that near perfect mixing is achieved at a distance of 180 µm from inlet, where the performance of leaky design is poor. The performance of the non-leaky design is further evaluated in fig [4] , which depicts the concentration profile at channel exit (corresponding to different times). It can be note that concentration profile nearly flattens out to a value of 0.5 at 1.9 sec. 
CONCLUSIONS
Numerical simulation is performed to investigate the mixing performance of passive mixers. The significant impact of barriers and the proper placement of barriers is recognized by the simulation. The channel with leaky barrier is incapable to achieve complete mixing due to leakage of fluid from upper and lower part of channel. In a nutshell, complete mixing is achieved in a short duration by the virtue of flow rotation and secondary flows by cause of proper placement of rectangular barrier in channel. In addition, this channel could be useful in the development of microfluidic devices targeted to cell-drug mixing analysis.
